
This work was supported by the Director, Office of Science, Office of Fusion Energy Sciences, of the U.S. 
Department of Energy under Contract No. DE-AC02-05CH11231. 
 
 

 HIFAN 1527 
 
 
 
 
 
 
 
 
Direct Drive Heavy-Ion-Beam Inertial Fusion at High Coupling Efficiency   

 
 
 
 
 

B.G. Logan 1, L.J. Perkins 2, J.J. Barnard 2 
1  
Lawrence Berkeley National Laboratory  
2  
Lawrence Livermore National Laboratory  

 
 
 

Accelerator Fusion Research Division 
Ernest Orlando Lawrence Berkeley National Laboratory 

University of California 
Berkeley, California 94720 

 
 
 
 
 

May 2007 



! "

!
!
!
!
!
!
!
!
!
!
!
!
!

"#$%&'!($#)%!*%+),-#./-0%+1!#/%$'#+2!345#./!+'!*#6*!&.472#/6!%33#&#%/&,! 
 

#$!%$!&'()*"+!&$!,$!-./01*23+!,$!,$!#)/*)/43!!

1Lawrence Berkeley National Laboratory 

2Lawrence Livermore National Laboratory 

!
!
!
!
!
!
805'$+&'$!5226.2!7189!:'6;<1*(!.==1:1.*:>+!?.)@!1<<6@1*)81'*!2>@@.8/>!)*4!A)><.1(9!B)><'/!CABD!1*28)?1<18>!)/.!412:622.4!='/!

2;9./1:)<!9.)E>F1'*F?.)@F4/1E.*!8)/(.82!7189!)*4!7189'68!9'9</)6@2$!G==1:1.*8!:'6;<1*(!'=!9.)E>!1'*!?.)@2!8'!:'@;/.22!41/.:8F

4/1E.!1*./81)<!=621'*!8)/(.82!7189'68!9'9</)6@2!12!='6*4!8'!/.H61/.!1'*!/)*(.!1*:/.)21*(!2.E./)<F='<4!46/1*(!89.!4/1E.!;6<2.$!I*.F

41@.*21'*)<!1@;<'21'*!:)<:6<)81'*2!621*(!89.!&JKLGM!5NO!8)/(.8!;9>21:2!:'4.!29'72!89.!1'*!/)*(.!1*:/.)21*(!='6/F='<4!46/1*(!

89.!4/1E.!;6<2.!8'!0..;!1'*!.*./(>!4.;'2181'*!='<<'71*(!:<'2.<>!?.91*4!89.!1@;<'41*(!)?<)81'*!=/'*8+!/.26<81*(!1*!91(9!:'6;<1*(!

.==1:1.*:1.2!C29.<<!01*.81:!.*./(>P1*:14.*8!?.)@!.*./(>!'=!"Q!8'!"RSD$!T)>2!8'!1*:/.)2.!?.)@!1'*!/)*(.!791<.!@181()81*(!

A)><.1(9FB)><'/!1*28)?1<181.2!)/.!412:622.4!='/!=686/.!7'/0$!

!

-JNK!*6@?./2!U3$URV@+!U3$WXYZ!



! 3

!
9:!9/'$.(4&'#./!

5*!1*./81)<!=621'*!8)/(.82+!)!9'<<'7!2;9./1:)<!29.<<!'=!4.68./16@F8/1816@!C[BD!=6.<!12!1@;<'4.4!?>!89.!;/.226/.!'=!

)!26//'6*41*(!)?<)8'/!29.<<!/);14<>!9.)8.4!.189./!41/.:8<>!?>!<)2./!1//)41)81'*!\"]+!1*41/.:8<>!?>!^F/)>2!1*214.!)!

9'9</)6@!\3FW]+!'/!41/.:8<>!?>!1'*!?.)@!4.;'2181'*!8'(.89./!7189!E)/1'62!<.E.<2!'=!^F/)>!)22128)*:.!\U+_]$!54.)<<>+!89.!

@'28!.==1:1.*8!1@;<'21'*2!7'6<4!?.!4'*.!)8!89.!;.)0!'=!/':0.8!.==1:1.*:>!7189!)*!)?<)8.4!@)22!.H6)<!8'!='6/!81@.2!

89.!=6.<!`;)><')4a!@)22!\R]+!7189!)!<'7Fb!)?<)8'/!9)E1*(!2@)<<!1'*1c)81'*!.*./(>+!41/.:8<>!7189!?.)@2!8'!)E'14!89.!

1*.==1:1.*:>!'=!:'*E./21'*!1*8'!^F/)>2!1*!9'9</)6@2+!)*4!7189!?.)@2!89)8!:)*!;.*.8/)8.!89.!'68('1*(!)?<)81'*!;<)2@)!

.^9)628!)*4!281<<!4.;'218!@'28!'=!89.!.*./(>!:<'2.!8'!89.!/.(1'*!'=!;.)0!)?<)81'*!;/.226/.!C)?<)81'*!=/'*8D!4/1E1*(!89.!

1@;<'21'*$!B9.'/.81:)<<>+!89.!@)^1@6@!:'6;<1*(!.==1:1.*:>!:'6<4!?.!)2!91(9!)2!3X!8'!dXS+!4.;.*41*(!'*!89.!)?<)8'/!

8.@;./)86/.+!1'*1c)81'*!.*./(>+!)*4!;/'=1<.!'=!?.)@!.*./(>!4.;'2181'*$!5*!:'@;)/12'*+!8>;1:)<!<)2./F4/1E.*!41/.:8!

4/1E.!:'6;<1*(!.==1:1.*:>!12!)/'6*4!RS!+!?.:)62.!;9'8'*2!)?2'/?!)8!:/181:)<!;<)2@)!4.*2181.2!@6:9!<'7./!89)*!89.!

)?<)81'*!=/'*8!\R]D+!791<.!'E./)<<!9.)E>!1'*!9'9</)6@!:'6;<1*(!.==1:1.*:1.2!)/.!3!8'!W!S+!4.;.*41*(!'*!89.!9'9</)6@!

:)2.F8'F:);26<.!)/.)!/)81'+!?.:)62.!'=!^F/)>!:'*E./21'*!)*4!<'22.2!8'!89.!9'9</)6@!:)2.!\dF_]$!K>@@.8/>!)*4!

A)><.1(9FB)><'/!CABD!28)?1<18>!:'*28/)1*82!:)*!<1@18!@)^1@6@!:'6;<1*(!.==1:1.*:>!79.*!89.!28..;*.22!'=!;/.226/.!

(/)41.*82!?.91*4!89.!)?<)81'*!=/'*8!)/.!/.46:.4!?>!621*(!'==F/)41)<F?.)@!;'1*81*(!)*4!.*./(>!2;/.)4!\e]$!K.:81'*!55!

;/.2.*82!/.26<82!'*!9.)E>F1'*F?.)@F4/1E.*!:'6;<1*(!.==1:1.*:>!=/'@!"F[!9>4/'4>*)@1:!1@;<'21'*!:)<:6<)81'*2!621*(!

&JKLGM!\"X]+!79.*!89.!?.)@!1'*!/)*(.!1*:/.)2.2!2.E./)<F='<4!46/1*(!89.!1@;<'21'*$!Y'4.28!1*:/.)2.2!Cf3USD!1*!

1'*!.*./(>!46/1*(!89.!4/1E.!;6<2.!9)E.!?..*!62.4!1*!?'89!<1(98!1'*!\d]!)*4!9.)E>!1'*!\W+!Q]!1*41/.:8F4/1E.!9'9</)6@!

4.21(*2!8'!;/.E.*8!1'*!/)*(.!shortening!)2!89.!8)/(.8!9.)8.4!6;+!?68!9./.!7.!:'*214./!1'*!/)*(.!increasing!2.E./)<F

='<4!46/1*(!1'*!41/.:8!4/1E.!8'!1@;/'E.!89.!:'6;<1*(!.==1:1.*:>$!N'*:<621'*2!)/.!(1E.*!1*!K.:81'*!555+!1*:<641*(!=686/.!

3F[!:)<:6<)81'*2!*..4.4!8'!)22.22!AB!1*28)?1<18>!(/'789!7189!26:9!28/'*(<>!/)@;.4!1'*!/)*(.2$!!

B7'!(.*./)<!;/'?<.@2!'=!9.)E>!1'*!41/.:8F4/1E.!8)/(.8!:'6;<1*(!.==1:1.*:>!89)8!@)>!?.!1@;/'E.4!6;'*!)/.g!C"D!

4.:'6;<1*(!C1'*!?.)@!4.;'2181'*!791:9!/.:.4.2!)7)>!=/'@!89.!)?<)81'*!=/'*8!46/1*(!89.!1@;<'21'*Dh!)*4!C3D!?.)@!

4.;'2181'*!*'*F6*1='/@18>!)*4!AB!1*28)?1<18>!C8'!?.!412:622.4!<)8./D$!O1($!"!29'72!87'!41==./.*8!8)/(.8!.^)@;<.2!

621*(!2;9./1:)<!1'*!?.)@!1<<6@1*)81'*!C1*!(.*./)<!89./.!)/.!:)2.2!1*!?.87..*!7189!E)/1'62!)@'6*82!'=!/)41)81'*!4/1E.!

\UF_]D$!5*!?'89!O1($!")!)*4!"?+!89.!)//'72!4.;1:8!89.!/)41)<!;.*.8/)81'*!'=!1'*2!'=!)226@.4!:'*28)*8!.*./(>!)8!41==./.*8!

81@.2$!5*!89.!2.8!'=!)//'72!<)?.<.4!`G)/<>!1*!89.!4/1E.a+!89.!1'*2!)/.!)<<'7.4!8'!;.*.8/)8.!'*<>!)!=/):81'*!Ci3USD!'=!

89.!1*181)<!)?<)8'/!891:0*.22!8'!0..;!89.!1@;<'21'*!=6.<!;)><')4!'*!)!<'7!)41)?)8!='/!91(9!:'@;/.221'*$!5=!89.!?.)@!



! d

1'*!/)*(.!7./.!9.<4!=1^.4+!89.!?.)@!.*./(>!4.;'2181'*!7'6<4!@1(/)8.!/)41)<<>!'687)/4!1*!?'89!8)/(.8!.^)@;<.2+!

='<<'71*(!89.!'687)/4!=<'7!'=!89.!)?<)8.4!@)22!<)>./+!)2!4.;1:8.4!?>!89.!2.8!'=!?.)@!)//'72!<)?.<.4!`&)8.!1*!89.!

4/1E.a$!B9.!(/'71*(!2.;)/)81'*!'=!?.)@!1'*!.*./(>!4.;'2181'*!@'E1*(!'687)/4!=/'@!89.!)?<)81'*!=/'*8!@'E1*(!

1*7)/4!/.46:.2!89.!;.)0!)?<)81'*!;/.226/.!4'1*(!89.!-4j!7'/0!'*!89.!=6.<!C4.:'6;<1*(D$!!

5*!2;9./1:)<!8)/(.82+!4.:'6;<1*(!:)*!?.!@181()8.4!2.E./)<!7)>2g!!

C)D!89.!4.(/..!'=!'687)/4!=<'7!:)*!?.!/.46:.4!1*!O1($!"?!1=!89.!9'9</)6@!:)2.!12!891:0!.*'6(9!8'!`8)@;a!89.!

)?<)8'/+!?68!1*!89'2.!:)2.2!6;!8'!9)<=!'=!89.!1*:14.*8!?.)@!1'*!.*./(>!:)*!?.!<'28!;)221*(!89/'6(9!89.!8)@;./!\UF_]h!!

C?D!^F/)>2!:)*!?.!4.21(*.4!8'!:'@;.*2)8.!='/!89.!1'*!4.:'6;<1*(!<)8.!1*!89.!;6<2.!CO1($!"?D!)=8./!89.!'68./!

/.(1'*2!)?2'/?1*(!89.!?.)@!9)E.!?..*!9.)8.4!8'!)!26==1:1.*8!8.@;./)86/.!k!3XX!.jh!9'7.E./+!='/!89.!2)@.!=6.<!@)22!

)*4!1'*!/)*(.+!89.!9'9</)6@!:'*8)1*2!@'/.!@)22+!8962!/.H61/1*(!@'/.!?.)@!.*./(>!8'!;/'E14.!89.!2)@.!1@;<'21'*!

E.<':18>h!

!C:D!89.!1'*!/)*(.!:)*!?.!1*:/.)2.4!28/'*(<>!C.$($+!?>!(/.)8./!89)*!)!=):8'/!'=!='6/!79.*!89.!1*181)<!/)*(.!12!i"PW!

'=!89.!)?<)8'/!891:0*.22D!8'!;.*.8/)8.!89.!)?<)8.4!;<)2@)!<)8.!1*!89.!4/1E.!;6<2.h!

!C4D!89.!1'*!/)*(.!)8!:'*28)*8!1'*!.*./(>!:)*!)<2'!?.!1*:/.)2.4!28/'*(<>!?>!9.)81*(!89.!;<)2@)!.<.:8/'*2!8'!

89./@)<!E.<':181.2!.^:..41*(!89.!1'*!?.)@!2;..4+!)2!71<<!?.!412:622.4!1*!89.!*.^8!2.:81'*$!!

5*!'*.!.)/<>!2864>!\""]+!89.!1'*!.*./(>!)*4!/)*(.!7)2!1*:/.)2.4!2.E./)<!='<4!1*!89.!2.:'*4!'=!87'!2.H6.*81)<!

4/1E.!;6<2.2+!?68!='/!)!41==./.*8!;6/;'2.!8'!`.^;<'4.!89.!;629./a!C/.@)1*1*(!1'*!)?2'/?./D!)=8./!89.!8)/(.8!9)4!

1@;<'4.4!8'!)!2@)<<!=/):81'*!'=!89.!1*181)<!/)4162!C/.H61/1*(!@6:9!2@)<<./!?.)@!2;'82!)*4!91(9./!?.)@!1*8.*2181.2!1*!

89.!2.:'*4!;6<2.D$!#>!:'*8/)28+!1*!8912!;/.2.*8!;);./!7.!:'*214./!.@;<'>1*(!)!28/'*(<>!1*:/.)21*(!1'*!/)*(.!8'!)<<'7!

89.!?.)@!8'!='<<'7!89.!)?<)81'*!=/'*8!1*7)/4!46/1*(!89.!1@;<'21'*!8'!1@;/'E.!:'6;<1*(!.==1:1.*:>$!l21*(!)!81@.F

1*:/.)21*(!C/)@;.4D!;/'8'*!?.)@!E'<8)(.!=/'@!U!8'!WX!Yj!46/1*(!89.!4/1E.!;6<2.+!V)E)c.<.8+!.8$!)<$!\"3]!:)<:6<)8.4!

8'8)<!?.)@!1*;68!.*./(>!4.:/.)2.4!=/'@!Q$Q!Y,!C='/!()1*!dU!7189!:'*28)*8!E'<8)(.D!8'!W$"!Y,!C='/!()1*!Ud!7189!

/)@;.4!E'<8)(.D!='/!/.<)81E.<>!<'7./!()1*!@)(*.81c.4!8)/(.82$!A.:.*8!.^;./1@.*82!'*!89.!L.68/)<1c.4![/1=8!

N'@;/.221'*!G^;./1@.*8!CL[NMD!)8!&#L&!9)E.!26::.22=6<<>!62.4!/)@;.4!)::.<./)81'*!E'<8)(.2!8'!<'*(18641*)<<>!

:'@;/.22!9.)E>!1'*!?.)@2!?>!@'/.!89)*!)!=):8'/!'=!QX!\"d]h!7.!*'8.!9./.!89)8!8912!8.:9*1H6.!@1(98!?.!);;<1.4!8'!

41/.:8F4/1E.!=621'*!8)/(.82+!)2!7.<<!)2!8'!=686/.!L[NM!.^;./1@.*82!8'!2864>!9>4/'4>*)@1:!:'6;<1*(!.==1:1.*:>!1*!

;<)*)/!8)/(.82!7189!E)/1)81'*2!1*!89.!)@'6*8!'=!.*./(>!/)@;1*(!'=!89.!1'*!?.)@$!!

!



! W

!
!

;9<:!=:!G^)@;<.2!='/!1'*F4/1E.*!)?<)81E.!41/.:8!4/1E.!C")D!)*4!:<'2.F:'6;<.4!2;9./1:)<!9'9</)6@2!C"?D$ 

 

99:!>8?@AB!=-"!9172.5#./!C+2&42+'#./5!#/!'*%!#./-0%+1-($#)%/!+02+'#)%!$.&D%'!$%6#1%!

B9.!4'@1*)*8!:'*8/1?681'*!8'!9.)E>!1'*!.*./(>!<'22!)8!89.!1'*!.*./(1.2!7.!)/.!:'*214./1*(!12!=)28!1'*!4/)(!'*!

2<'7./!8)/(.8!.<.:8/'*2$!K..01*(!)!91(9./!:'6;<1*(!.==1:1.*:>+!7.!;./='/@.4!"F[!&JKLGM!1@;<'21'*!:)<:6<)81'*2!

='/!89.!)?<)81E.F4/1E.!/.(1@.!<10.!O1($!")!621*(!UX!Y.j!J/('*!1'*!?.)@2!C:'*28)*8!1*:14.*8!1'*!.*./(>D!79'2.!

2;..4!7'6<4!=)<<!?.<'7!89.!.<.:8/'*!89./@)<!E.<':18>!)2!89.!?.)@!;'7./!9.)8.4!89.!)?<)8'/!.<.:8/'*!8.@;./)86/.!

)?'E.!WQX!.j+!791:9!<.*(89.*2!89.!1'*!/)*(.!46/1*(!89.!4/1E.$!B9.!&JKLGM!:'4.!\"X]!7.!62.4!1*:<64.2!)!:<)221:)<!!

='/@6<)81'*!'=!1'*!.*./(>!<'22!8'!:)<:6<)8.!89.!/)41)<!;/'=1<.2!'=!1'*!?.)@!.*./(>!4.;'2181'*!4GP4^!C.*./(>!4.;'218.4!

;./!6*18!4128)*:.D$!B9.!@'4.<!12!.22.*81)<<>!(1E.*!?>!\"W]g!

!
!

!
dE
dx

"
W#e3

mec
3

$%

&%
'%

(%

)%
*%

N X+T
AT

$%

&%
'%

(%

)%
*%

Zeff
3

, 3
$%

&%
'%
'%

(%

)%
*%
*%
CZT ! Z DC&'(!-B . RD . Z G C, P,e D &'(!-F . R P 3/ 01 2!!!!!!!!!!!!!!C"D!

!
V./.!+B+!AB+!ZB+!)*4!Z !)/.!89.!8)/(.8!4.*218>+!8)/(.8!)8'@1:!7.1(98+!8)/(.8!)8'@1:!*6@?./!)*4!8)/(.8!1'*1c)81'*!28)8.!!!

-B " 3mec
3, 3 P I !h!!!!-F " mec

3, 3 PC"3 p D h!)*4!%C^D!12!89.!N9)*4/)2.09)/!=6*:81'*!m!./=C^D!n!^!4C./=C^DDP4^!!"!='/!^!

kk"+!79./.!./=C^D!12!89.!.//'/!=6*:81'*!'=!^h!! I !12!89.!)E./)(.!1'*1c)81'*!;'8.*81)<+!(1E.*!);;/'^1@)8.<>!?>!#<':9o2!

/6<.!)2 I 4 X$X"ZT !0.jh!!3 p 5 W#e3ne Pme " UQW"Q ne !2
!"!12!89.!;<)2@)!=/.H6.*:>+! ne " Z NX+T PAT !

)*4!!"3 p 4 d$_6"X
!"W ne 0.j+!79./.!*.!12!@.)26/.4!1*!:@

Fd$!!J<2'!+!,!m!v/c!12!89.!1'*!?.)@!E.<':18>!1*!6*182!'=!89.!



! U

2;..4!'=!<1(98!c+!)*4!89.!&'/.*8c!=):8'/!'=!89.!1'*!?.)@!7+!12!(1E.*!?>! 7 ""P "! , 3 "". E PMc3 +!79./.!E!12!89.!

01*.81:!.*./(>!'=!89.!1'*!?.)@+!Y:3!!12!89.!/.28!.*./(>!'=!)*!1'*!7189!)8'@1:!@)22!J5'*#.)@$$!!B9.!.<.:8/'*!/.28!.*./(>!

12!@.:3$!!A!12!89.!/.<)81E1281:!:'//.:81'*+!(1E.*!?>!A!m!3!C<'(!70!n!,3$!!J<2'+!89.!#.8c!='/@6<)!='/!89.!.==.:81E.!:9)/(.!

28)8.!'=!89.!1'*!7)2!62.4g! Zeff " ZIonBeam "! .^;C!"d_,eff PZIonBeam
X$Qe D8 9!79./.! ,eff

3 " , 3 . ,e
3 !)*4!

7189 7 e " "P "! ,e
3 " ". kTe Pmec

3$!

B9.!@'4.<!62.2!89.!:<)221:)<!#.89.F#<':9!='/@6<)81'*!='/!28';;1*(!\"W]+!1*:<641*(!8./@2!='/!?'89!?'6*4!)*4!

=/..!.<.:8/'*2!)*4!12!26==1:1.*8<>!)::6/)8.!='/!:)2.2!:'*214./.4!9./.!1*!791:9!C)D!<'7Fb!)?<)8'/2!)/.!9'8!.*'6(9!8'!?.!

=6<<>!1'*1c.4!'/!*.)/<>F=6<<>!1'*1c.4+!C?D!89.!4'@1*)*8!@.:9)*12@!='/!?.)@!1'*!.*./(>!<'22!12!?>!89.!:'<<.:81E.!4/)(!

'=!@)*>!;<)2@)!.<.:8/'*2!71891*!)![.?>.!291.<41*(!4128)*:.+!)*4!C:D!89./.!)/.!26==1:1.*8!=/..!.<.:8/'*2!89)8!)/.!

2<'7./!89)*!89.!1'*!2;..4!'E./!@'28!'=!89.!1'*!/)*(.+!)*4!C4D!89.!;/'Z.:81<.!1'*!.*./(>!)*4!@)22!)/.!@'4./)8.!

.*'6(9!8'!*.(<.:8!*6:<.)/!=/)(@.*8)81'*$!!

O1(6/.!3!?.<'7!29'72!89.!8)/(.8!:'*28/6:81'*!C3)D+!)*4!;6<2.!29);.!62.4!C3?D!='/!)!&JKLGM!:)<:6<)81'*!791:9!

7.!9)E.!)*)<>c.4!@'28$!B9.!)?<)8'/!12!2'<14![B!71:0.4!1*8'!<'7!4.*218>!C"XX@(P:@dD!NVg[B!=1<<.4!=')@h!89.!

)?<)8'/!9)2!)*!)8'@1:!/)81'!'=!CNVD"C[BDQ!!7189!)!WdS!:)/?'*!@)22!=/):81'*$!B912!=6.<!;)><')4!'=!"$3!@(!12!d"!S!'=!

89.!1*181)<!8'8)<!1*181)<!8)/(.8!@)22!1@;<'21'*!E.<':18>!C79./.!89.!;.)0!'=!89.!/':0.8!.==1:1.*:>!7'6<4!?.!)8!)!=6.<!

;)><')4!=/):81'*!'=!3XSD )*4!79./.!89.!=1*)<!1@;<'21'*!E.<':18>!12 Vexh*ln(minitial/mfinal)f!W$WU^"X_!:@P2!C*'8!

';81@1c.4D$!L'*.89.<.22+!8912!6*F';81@1c.4!:)2.!281<<!()E.!)*!'E./)<<!?.)@F8'F1(*181'*!:'6;<1*(!.==1:1.*:>!C=6.<!

;)><')4!.*./(>DPC8'8)<!?.)@!1*;68D!mX$"Ue!Y,P"!Y,m!"U$e!S!$!L'8.!89)8!1*!2'@.!'=!89.!.)/<>!/.=./.*:.2!\U+!Q]+!

@.8)<<1:!;629./2!7./.!1*:<64.4!7189!89.![B!=6.<!1*!4.=1*1*(!)!:'6;<1*(!.==1:1.*:>!8'!89.!`;)><')4a!1*:<641*(!89.!

;629./h!9./.+!?.)@F8'F[BF=6.<!:'6;<1*(!/.=./2!8'!.*./(>!(1E.*!'*<>!8'!89.!"$3!@(!'=!=6.<$!

58!12!1*8./.281*(!8'!*'8.!89)8!89.!:9)/):8./1281:2!'=!9.)E>F1'*!41/.:8!4/1E.!n!1$.$+!91(9!)?<)81'*!/)8.2+!<'7./!)?<)81'*!

E.<':181.2!n!)/.!)*)<'('62!8'!89'2.!'=!1*41/.:8!4/1E.!7189!^F/)>2+!79./.)2!:'*E.*81'*)<!<)2./!41/.:8!4/1E.!.^91?182!<'7!

)?<)81'*!/)8.2!)*4!91(9!.^9)628!E.<':181.2+!/.H61/1*(!89.!<)88./!8'!';./)8.!)8!21(*1=1:)*8<>!91(9./!=6.<!;)><')4!=/):81'*2!

/.@'E.4!=/'@!89.!;.)0!'=!89.!/':0.8!.==1:1.*:>!:6/E.$!O'/!89.2.!/.)2'*2+!7.!)<2'!.^;.:8!89)8!9.)E>F1'*!41/.:8!4/1E.!

71<<!;/'E14.!21@1<)/!?.*.=1:1)<!)?<)81'*FE.<':18>F28)?1<1c)81'*!'=!91(9F@'4.!A)><.1(9FB)><'/!1*28)?1<181.2!2..*!7189!

1*41/.:8!^F/)>!4/1E.$!

!
p



! Q

!
!

;9<:!E:!J!`;1.a!41)(/)@!'=!89.!8)/(.8!:'*28/6:81'*!='/!89.!&JKLGM!:)<:6<)81'*!C3)D+!)*4!89.!UX!Y.j!J/('*!

1'*!?.)@!;'7./!;6<2.!29);.!62.4!C3?D$!B912!:)2.!(1E.2!)!=621'*!()1*!'=!UX!='/!"!Y,!'=!?.)@!4/1E.+!)226@1*(!89.!

1*:14.*8!?.)@!;/'=1<.!c''@2!1*!)!=):8'/!'=!87'!1*!/)4162!C=/'@!3@@!8'!"@@D!46/1*(!89.!4/1E.$!

B)?<.!5!29'72!?.)@!)*4!)?<)8'/!;<)2@)!;)/)@.8./2!)8!89.!='6/!1*41:)8.4!81@.2!46/1*(!89.!1@;<'21'*$!L'8.!89.!

<)/(.!1*:/.)2.2!1*!1'*!/)*(.!)8!:'*28)*8!1*:14.*8!J/('*!1'*!.*./(>!'=!UX!Y.j+!)2!89.!;<)2@)!8.@;./)86/.!/12.2!7189!

89.!/121*(!?.)@!;'7./!CO1($3D!46/1*(!89.!4/1E.!;6<2.$!B9.!.<.:8/'*!4/)(!4.:/.)2.2!)2!89.!.<.:8/'*!89./@)<!2;..4!

.^:..4!89.!1'*!?.)@!2;..4!)?'E.!B.!m!WQX!.j.!B912!)<<'72!89.!?.)@!;.*.8/)81'*!C.*42!'=!89.!1'*!/)*(.D!

!

F+02%!9!G%+1!+/(!'+$6%'!+02+'.$!72+51+!)+24%5!+'!3.4$!'#1%5!(4$#/6!'*%!#172.5#./!&+2&42+'#./!.3!;9<:!E:!
! 

!
!

9172.5#./!
?'+6%!'#1%!H/5I!

!
!

J+(##!.3!7%+D!
($#)%!7$%554$%!

H&1I!

!
!

J+(##!.3!'*%!
%/(5!.3!0%+1!
$+/6%!H&1I!

!
!

J*.-$!0%+1!
$+/6%5!
H16K&1EI!

!
!

L2+51+!(%/5#',!
MNOP!0%+1!

(%7.5#'#./!H6K&1QI!

!
!

L2+51+!'%17%$+'4$%!
MNOP!0%+1!
(%7.5#'#./!H%RI!

B-$+,!%/%$6,!
#/'.!E!#%$%2!!'. !!
S9 !!0%+1!!
7.T%$!!
+05.$0%(!
HDU!K!DUI!

S+23T+,!
'*$.46*!3..'!
7425%!!E:VN!

O:EOW! O:EOX! =:YW! O:==! =Y! O:OOV!K!Q:WX!

S+23T+,!
'*$.46*!7.T%$!
$#5%!!X:X!

O:=ZVO! O:=ZVE! E:OX! O:O=Z! V=Z! O:NN!K!XE:V!

S+23T+,!
'*$.46*!1+#/!
7425%!=O:EN!

O:=WNW! O:=WNO! V:EY! O:OQX! =OEV! QE!KNNW!

A/(!.3!0%+1!
($#)%!!=E[O!

O:=OQW! O:=OQX! W:Q=! O:OEX! =VWO! VZ!K!=OOO!

!
!

!

8'!:<'2.<>!='<<'7!89.!1@;<'41*(!)?<)81'*!=/'*8+!)2!1*41:)8.4!?>!:'@;)/1*(!89.!:'<6@*2!<)?.<.4!`A)411!'=!;.)0!4/1E.!

;/.226/.a+!)*4!`A)411!'=!89.!.*42!'=!89.!?.)@!/)*(.a!1*!B)?<.!5$!#.:)62.!'=!89.!28..;!4.*218>!)*4!8.@;./)86/.!

(/)41.*82!?.91*4!89.!)?<)81'*!=/'*8+!7.!=1*4!89)8!.<.:8/'*!89./@)<!9.)8!:'*46:81'*!12!26==1:1.*8!8'!8/)*2;'/8!89.!=1*)<!

p



! _

891/4!'=!89.!1'*!?.)@!.*./(>!4.;'2181'*!46/1*(!89.!;.)0!1'*!?.)@!;'7./$!V'7.E./+!:'@;)/1*(!89.!<)28!:'<6@*!'=!

B)?<.!"!7189!89.!1*;68!?.)@!;'7./!29'7*!1*!O5%$!3+!7.!:'*:<64.!89)8!^F/)>!4/1E.!12!*'8!)!4'@1*)*8!:'*8/1?681'*!8'!

)?<)81'*!4/1E.!;/.226/.!1*!8912!/.(1@.$!!

O1(6/.!d!)+!?+!:!;<'82!89.!/.26<82!'=!1*8.(/)81*(!GH$!C"D!='/!89.!J/('*!1'*!.*./(>+!?.(1**1*(!)8!UX!Y.j!)8!+/mX+!)2!

)!=6*:81'*!'=!?.)@!;.*.8/)81'*!1*!6*182!'=!+/!C(P:@3D+!)8!89.!=1/28!89/..!1@;<'21'*!81@.2!1*!B)?<.!"$!C-<'881*(!89.!2)@.!

:6/E.2!)2!)!=6*:81'*!'=!/)4162!7'6<4!@)0.!18!41==1:6<8!8'!41281*(6129!89.!:6/E.2!'=!4.;'2181'*!?.:)62.!'=!4.*218>!

(/)41.*82!*.)/!89.!)?<)81'*!=/'*8D$!O1(6/.!d!:6/E.2!)+!?!)*4!:!29'7!21(*1=1:)*8!/)*(.F<.*(89.*1*(!46.!8'!E?!i!E.89+!

.2;.:1)<<>!*.)/!89.!.*42!'=!89.!1'*!/)*(.2$!!

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!

;9<:!Q:!J/('*!?.)@!1'*!.*./(>!)2!)!=6*:81'*!'=!;.*.8/)81'*!+/!1*8'!89.!)?<)8.4!;<)2@)P)?2'/?./+!='/!89.!=1/28!89/..!

1@;<'21'*!81@.2!(1E.*!1*!B)?<.!"+!='/!E)/1'62!)?<)8'/!@)8./1)<2!)8!.H6)<!@)22!C.^:.;8!='/!C9D+!1*:14.*8!1'*!.*./(1.2+!

)*4!.<.:8/'*!8.@;./)86/.2$!

B9.!*.^8!='6/!:6/E.2!4+!.+!=!)*4!(!1*!O1($!d!)/.!;/.41:81'*2!'=!89.!2)@.!4GP4^!@'4.<!1=!89.!)?<)8'/!7./.!;6/.!

9>4/'(.*!1*28.)4!'=!89.!NVg[B!)?<)8'/!'=!O1($3+!)*4!29'72!89)8!7189!26:9!)!26?2818681'*+!='/!89.!2)@.!)?<)8'/!@)22+!

89.!1'*!01*.81:!.*./(1.2!46/1*(!89.!1@;<'21'*!7'6<4!*..4!8'!1*:/.)2.!28/'*(<>!1*!81@.!8'!;/'E14.!*.)/<>!89.!2)@.!

?.)@!;.*.8/)81'*2!1*!+/!E2$!81@.+!/.H61/1*(!)!/)@;.4!?.)@!E'<8)(.!)*)<'('62!8'!01*4!'=!)::.<./)8'/2!:'*214./.4!1*!

!



! R

/.=$!\"3]$!B9.!<)28!:6/E.!1*!O1($!d+!C9D+!29'72!89)8!@6:9!@'/.!@)22!12!/.H61/.4!='/!)!NV!)?<)8'/P)?2'/?./!8'!28';!89.!

2)@.!1'*!.*./(>+!)*4!89)8!12!79>!89.!.281@)8.4!4/1E.!;'7./!12!21(*1=1:)*8<>!91(9./!='/!89.!.H61E)<.*8!21c.!2;9./1:)<!

9'9</)6@!CO1($"?D$!B9.!28/'*(<>!1*:/.)21*(!1'*!/)*(.!46/1*(!89.!4/1E.!;6<2.!12!89.!0.>!/.)2'*!89.!:'*28)*8!UX!Y.j!

1'*!.*./(>!/6*!/.26<8.4!1*!)!91(9!'E./)<<!:'6;<1*(!.==1:1.*:>!'=!"Q!S!C"!Y,!'=!?.)@!1*;68!.*./(>!(1E1*(!"UX!0,!'=!

=6.<!28)(*)81'*!.*./(>!='/!1(*181'*D+!)*4!89)8!=686/.!28641.2!7189!91(9./!1'*!.*./(1.2!)*4!1*:/.)21*(!1*!81@.!29'6<4!

)<2'!.*)?<.!91(9!:'6;<1*(!.==1:1.*:1.2!='/!89.!2)@.!/.)2'*$!5*!=):8+!1*:/.)21*(!89.!1'*!.*./(>!(.*./)<<>!12!9.<;=6<!8'!

/.46:1*(!?.)@!:6//.*82!='/!89.!2)@.!;'7./+!)*4!8962!@181()81*(!2;):.!:9)/(.!;/'?<.@2!1*!89.!)::.<./)8'/!4/1E./2+!

)*4!1*!)44181'*+!/)@;1*(!89.!1'*!.*./(>!1*!81@.!12!62.=6<!='/!<'*(18641*)<!?.)@!:'@;/.221'*!C?.)@!;'7./!

)@;<1=1:)81'*D!8'!4/1E.!8)/(.82$!!!

5*!O1($!d!7.!*'/@)<1c.!89.!'89./!4./1E.4!1'*!)/('*!.*./(1.2!C79./.!91(9./!89)*!UX!Y.jD!8'!;<'8!'*!89.!2)@.!

2:)<.!'=!"!8'!UX!)8!+/mX!2'!89)8!='/!89.!2)@.!1*:14.*8!?.)@!;'7./+!89.!:6/E.2!:)*!?.!:'@;)/.4!='/!/.<)81E.!<':)<!

?.)@!.*./(>!4.;'2181'*!;'7./!4.*218>!C;'7./!;./!6*18!@)22D!E2$!+/!)*4!81@.$!B962!7189!V!)?<)8'/2+!791:9!9)E.!

@'/.!28';;1*(!;'7./!89)*![B!CV!9)2!3$U!81@.2!)2!@)*>!.<.:8/'*2!;./!6*18!)?<)8'/!@)22!:'@;)/.4!8'![BD+!89.!1'*!

2;..42!/.H61/.4!='/!.H6)<!;.*.8/)81'*!E2$!81@.!)/.!=)28./!89)*!E.$!J2!)!/.26<8!'=!89.!2'F:)<<.4!`N9)*4/)2.09)/!=):8'/a!

%C^D!4.;.*4.*:.!'=!4GP4^!(GH$!".),!1'*!/)*(.2!7189!V!)?<)8'/2!8962!?.:'@.!1*2.*2181E.!8'!;<)2@)!.<.:8/'*!

8.@;./)86/.+!2..*!?>!:'@;)/1*(!:6/E.2!(!)*4!=!)8!89.!2)@.!?.)@!.*./(>!?68!7189!41==./.*8!)?<)8'/!8.@;./)86/.2$!5*!

89.!/.(1@.!79./.!E?kE.89+!A$!-1/1c!9)2!4.E.<';.4!)!62.=6<!)*)<>81:!@'4.<!\"U]!='/!;/.41:81*(!89.!9>4/'(.*!)?<)81'*!

;/'=1<.2!'=!E.<':18>+!8.@;./)86/.+!4.*218>+!.8:$!L'8.!1*!O1($!d!4+!.+!)*4!=!89)8!='/!89.!91(9./!1'*!.*./(1.2!;<)**.4!621*(!

V!)?<)8'/2+!89.!2<';.2!1*!89.!<)28!891/4!'=!89.!4.;'2181'*!/)*(.2!C89.!;'/81'*2!89)8!)/.!@'28!1@;'/8)*8!8'!4/1E1*(!89.!

)?<)81'*!=/'*8!;/.226/.D+!)/.!)<@'28!871:.!9)2!91(9!)2!='/!89.!UX!Y.j!)/('*!4.;'2181'*!:6/E.2!)+!?+!:+!791<.!89.!

2<';.2!'E./!89.!=1/28!891/4!'=!1'*!4.;'2181'*+!/.;/.2.*81*(!;)/)2181:!1'*!<'22.2!'*!'68('1*(!)?<)8.4!;<)2@)+!)/.!9)<=!'=!

79)8!89.>!)/.!='/!89.!UX!Y.j!?.)@!:)2.2!)=8./!89.!1*181)<!=''8$!K.881*(!ABF28)?1<18>!:'*214./)81'*2!)214.+!7.!.^;.:8!

@6:9!91(9./!:'6;<1*(!.==1:1.*:1.2!7189!V!)?<)8'/2!:'@;)/.4!8'!89.!N[B!)?<)8'/2!62.4!1*!89.!&JKLGM!/6*2!CO1($!3D+!

?68!7.!)<2'!.^;.:8!@'/.!AB!1*28)?1<18>!7189'68!621*(!2'@.!@181()81*(!@.)26/.2!C2..!K.:$!555D$!

!O1(6/.!W!29'72!8)/(.8!()1*!CW)D!)*4!'E./)<<!:'6;<1*(!.==1:1.*:>!CW?D!='/!=6.<!:);26<.2!21@1<)/!8'!O1($!3!?68!

7189!E)/1'62!)?<)8'/!891:0*.22.2!C+/D!='/!87'!41==./.*8!)?<)8'/!@)8./1)<2F89.!)?<)8'/!1*41:)8.4!1*!O1($3FNV!=')@!

71:0.4!7189![B+!<)?.<.4![BPNV+!)*4!='/!)!;6/.![B!)?<)8'/$!B9.!@)^1@6@!:'6;<1*(!.==1:1.*:>!7.!='6*4!='/!)!;6/.!



! e

[B!)?<)8'/!9)2!)!<'7./!8)/(.8!()1*!?.:)62.!'=!;/.9.)8!C;6/.![B!9)2!E./>!<'7!';):18>!.E.*!='/!E./>!2'=8!^F/)>2D$!&.22!

89)*!"S!:)/?'*!4';1*(!1*!)!9>4/'(.*!)?<)8'/!12!.281@)8.4!8'!?.!*..4.4!8'!;/.E.*8!8912!;/.9.)8!1*!=686/.!:)<:6<)81'*2$!

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
?%&'#./!999:!?411+$,!+/(!"#5&455#./!.3!;4'4$%!\.$D!@%%(%(!

I6/!&JKLGM!/.26<82!='/!9.)E>!1'*!?.)@!8'!8)/(.8!:'6;<1*(!.==1:1.*:>!1*!41/.:8!4/1E.!"QS!7189!NVg[B!)?<)8'/+!

)*4!"RS!='/!;6/.![B!)?<)8'/+!)/.!89.!91(9.28!'E./)<<!:'6;<1*(!.==1:1.*:1.2!='/!;6?<129.4!"F[!1@;<'21'*!:)<:6<)81'*2+!

8'!'6/!0*'7<.4(.+!='/!1(*181'*!7189!)4.H6)8.!()1*!='/!.==1:1.*8!)::.<./)8'/2+!)8!)!8'8)<!?.)@!1*;68!.*./(>!'=!"!Y,$!T.!

9)E.!*'8!>.8!';81@1c.4!89.2.!"F[!/.26<82+!)*4!7.!@)>!.^;.:8!91(9./!:'6;<1*(!.==1:1.*:1.2!1*!=686/.!7'/0!621*(!

/)@;.4!1'*!?.)@!.*./(1.2!8'!(.8!/)@;.4!1'*!/)*(.2!7189!91(9!28';;1*(F;'7./!9>4/'(.*!)?<)8'/2+!?.:)62.!'=!89.!

@'/.!=)E'/)?<.!4.;'2181'*!;/'=1<.2!*'8.4!1*!O1(6/.!d$!T.!)<2'!*'8.!89)8!89.!1@;<'21'*!E.<':18>!'=!W$WU!^"X_!:@P2!12!

@6:9!91(9./!89)*!89.!@1*1@6@!*..4.4!='/!1(*181'*$!B9.!L)81'*)<!5(*181'*!O):1<18>+!='/!.^)@;<.+!12!4.21(*.4!8'!8.28!

1(*181'*!7189!X$3W!@(!'=![B!=6.<!CX$WU!@(!1*:<641*(!/.2146)<!#./><<16@!)?<)8'/D!)8!d$QR!^!"X_!:@P2!;.)0!1@;<'21'*!

E.<':18>+!)!8'8)<!=6.<!;)><')4!.*./(>+!1*:<641*(!89.!/.2146)<!#./><<16@!;629./+!'=!!dX!0,+!;/'46:1*(!3X!Y,!'=!=621'*!

>1.<4!\"Q]$!!B912!L5O!:);26<.!4.21(*!)?2'/?2!3XX!0,!'=!9'9</)6@!^F/)>2+!='/!)!`:);26<.a!:'6;<1*(!.==1:1.*:>!'=!"US+!

)?'68!89.!2)@.!.==1:1.*:>!)2!7.!:)<:6<)8.!9./.!='/!1'*!41/.:8!4/1E.!7189!<'7!b!NVg[B!)?<)8'/2$!5*!=686/.!7'/0+!7.!

71<<!.^8.*4!8912!7'/0!8'!:'*214./!4/1E1*(!<'7Fb!:);26<.2!89.!21c.!'=!89.!L5O!:);26<.!7189!9.)E>!1'*!?.)@2!

C)226@1*(!7.!:)*!=':62!9.)E>!1'*!?.)@2!8'!89.!"!@@!/)4162!8)/(.8!21c.+!7189!2)>+!9.)E1./!q/>;8'*!1'*2!='/!89.!

<'7./!/)*(.2!/.H61/.4+!)*4!7189!29'/8F=':)<F<.*(89!:';;./!=1*)<F=':62!@)(*.82D$!5=!26::.22=6<!4.21(*2!.@./(.+!)*4+!1=!

89.!L5Oo2!1(*181'*!:)@;)1(*!12!)<2'!26::.22=6<+!89.!;/'2;.:82!='/!9.)E>!1'*!=621'*!4.E.<';@.*8!@1(98!<''0!@6:9!

41==./.*8g!()1*!"XX!)8!3XX!0,!8'8)<!4/1E.!.*./(>r!O6/89./!1*8'!89.!=686/.+!1=!7.!:)*!';81@1c.!:'6;<1*(!.==1:1.*:1.2!8'+!

!

!
!
;9<:!V:!&JKLGM!"F[!/.26<82!='/!8)/(.8!()1*!C)D!)*4!4/1E.!:'6;<1*(!.==1:1.*:>!C?D!)2!)!=6*:81'*!'=!)?<)8'/!+/!

C(P:@3D!='/!89.!2)@.!=6.<!:);26<.!)*4!1*:14.*8!?.)@!.*./(>!)2!1*!O1($!3+!C?68!/.86*1*(!89.!;6<2.!29);.D$! 

pC)D

H+I! H0I



! "X

2)>+!3US!='/!<)/(./!@)22!8)/(.82+!89.*!<)/(.!=6.<!)22.@?<>!.*./(1.2!'=!"!Y,!@1(98!?.!;'221?<.!7189!W!Y,!'=!?.)@!

4/1E.!.*./(>$!K6:9!<)/(.!=6.<!)22.@?<.2!7189!BF<.)*!=6.<!\"_+"R]!C[[!=6.<!7189!)!2@)<<!1**./![B!2;)/0;<6(D!)8!

:'@;/.22.4!+/f"X!(P:@3!7'6<4!2.<=F?/..4!8/1816@!7189'68!.^8./*)<!?<)*0.82+!)*4!1*8./*)<<>!:);86/.!89.!*.68/'*!

.*./(>!1*8'!@'28<>!;<)2@)!.*./(>!='/!41/.:8!:'*E./21'*$!5*!89)8!.E.*8+!;/'2;.:82!='/!=621'*!.*./(>!@1(98!?.!/)41:)<<>!

:9)*(.4!)<2'$!!!

J2!7.!*'8.4!;/.E1'62<>+!?.)@!4.;'2181'*!;/'=1<.2!791:9!.*9)*:.!:'6;<1*(!.==1:1.*:>!@)>!)<2'!/.26<8!1*!

1*:/.)2.4!A)><.1(9!B)><'/!1*28)?1<18>!(/'789!/)8.2+!)*4!2'!=1*)<!:'*:<621'*2!='/!@)^1@6@!:'6;<1*(!.==1:1.*:>!:)**'8!

?.!4/)7*!6*81<!:'*28/)1*82!2.8!?>!AB!1*28)?1<18>!)/.!.^)@1*.4+!791:9!71<<!/.H61/.!3F[!)*4!@)>?.!dF[!1@;<'21'*!

:)<:6<)81'*2$!5*!(.*./)<+!:'*:.*8/)81*(!?.)@!.*./(>!4.;'2181'*!)2!:<'2.!)2!;'221?<.!?.91*4!89.!)?<)81'*!=/'*8!)*4!

='<<'71*(!18!1*!81@.!7189!1*:/.)21*(!1'*!/)*(.!@)^1@1c.2!:'6;<1*(!.==1:1.*:>+!?68!@)>!)<2'!(.*./)8.!91(9./!<':)<!

;/.226/.!(/)41.*82!)*4!=)28./!:<)221:)<!AB!(/'789!/)8.2$!,628!8'!1<<628/)8.!9'7!1@;'/8)*8!AB!1*28)?1<18>!:'6<4!?.+!7.!

:)*!@)0.!)!/'6(9!.281@)8.!'=!89.!@)^1@6@!(/'789!/)8.!C*.(<.:81*(!)*>!)?<)81E.!28)?1<1c)81'*D!!

7!m!CAgkD"P3!

79./.!89.!J87''4!*6@?./!J!m!C+"F+3DP!C+"s+3D+!(!12!89.!;.)0!)::.<./)81'*+!)*4!0!89.!7)E.!*6@?./+!8>;1:)<<>!8)0.*!

8'!?.!3#P!/.@)1*1*(!)?<)8'/!891:0*.22$!G281@)81*(!;.)0!;/.226/.!(/)41.*82!*.)/!89.!)?<)81'*!=/'*8!=/'@!;)/)@.8./2!1*!

B)?<.!"!621*(!J!f!X$U!='/!VP[B+!7.!4./1E.!)*!)::.<./)81'*!!(!f!E1@;P:;.)0!f!"X"Q!:@P23+!)*4!0!f!Q!^"X3!:@F"!>1.<41*(!7!

f!"$_^"Xe!2F"+!'/!.^;C7:;.)0Df"XXX+!791:9!12!)?'68!89.!@)^1@6@!8'<./)?<.!(/'789!=):8'/!='/!@'28!91(9!:'*E./(.*:.!

/)81'!1*./81)<!=621'*!8)/(.8!4.21(*2$!O'/!89.!"F[!&JKLGM!/6*!/.;/.2.*8.4!1*!O1(2$!3!)*4!d+!89./.!)/.!89/..!=):8'/2!89)8!

:)*!@181()8.!AB!(/'789g!C"D!1*!89.!@'28!2.*2181E.!=''8!;)/8!'=!89.!4/1E.+!89.!1'*!?.)@2!;.*.8/)8.!'*<>!3U!S!'=!89.!

)?<)8'/!891:0*.22+!)*4!89.!4.*218>!'=!89.!@'28<>![B!)?<)8'/!12!:<'2.!8'!89)8!'=!89.![B!=6.<!;)><')4!C)!2@)<<!.==.:81E.!

J87''4!*6@?./Dh!C3D!89.!1'*!?.)@!4.;'2181'*!;'7./!4.*218>!=)<<2!'==!8'7)/42!89.!.*4!'=!89.!1'*!/)*(.!CO1($!d!)+!?+!:!

:6/E.2D!8962!/.46:1*(!89.!;/.226/.!(/)41.*82!?.91*4!89.!)?<)81'*!=/'*8h!8912!)<2'!/.46:.2!89.!:'6;<1*(!.==1:1.*:>+!

791:9!12!281<<!91(9!*'*.89.<.22!C"QSDh!CdD!9.)E>F1'*!41/.:8!4/1E.!@)>!.^91?18!);;/.:1)?<.!)?<)81E.!28)?1<1c)81'*!'=!

91(9./!@'4.!*6@?./!AB!(/'789!)2!412:622.4!)?'E.$!B9.!29);.!'=!89'2.!4.;'2181'*!;/'=1<.2!<''0!<10.!89.!@'/.!28)?<.!

'*.2!7189!1'*!.*./(>!2;/.)4!1*!/.=$!e$!I*!89.!'89./!9)*4+!89.!:6/E.2!O1($!4+!.+!=+!='/!91(9./!.*./(>!/)@;.4!1'*!?.)@2!

:)*!?.!.^;.:8.4!8'!9)E.!91(9./!:'6;<1*(!.==1:1.*:>!?68!)<2'!:)*!?.!.^;.:8.4!8'!?.!@'/.!6*28)?<.$!T.!:'*:<64.!=/'@!

8912!412:6221'*!89)8!:'*28/)1*82!'*!1'*!41/.:8!4/1E.!:'6;<1*(!.==1:1.*:>!*..4!8'!?.!)22.22.4!7189!3F[!:)<:6<)81'*2!

1*:<641*(!AB!(/'789!=/'@!2..4.4!;./86/?)81'*2!7189!)!2;.:8/6@!'=!7)E.!*6@?./2$!!



! ""

O'/!=1^.4!/)41)<!;'1*81*(+!89.!*6@?./!'=!?.)@2!12!:'*214./.4!)!@)Z'/!=):8'/!4.8./@1*1*(!?.)@!*'*F6*1='/@18>!

2..41*(!AB!(/'789!\"e+!3X+!R]$!V'7.E./+!*'81*(!89.!?.*.=1:1)<!.==.:8!'=!'==F/)41)<!1'*!8/)Z.:8'/1.2!)*4!?.)@!.*./(>!

2;/.)4!1*!\e]!='/!/.46:.4!AB!(/'789!/)8.2+!7.!26((.28!4.<1E./1*(!@'28!1'*!?.)@!.*./(>!1*!'==F/)41)<!8/)Z.:8'/1.2+!

791:9!7.!:)<<!'?<1H6.!1//)41)81'*+!?>!62.!'=!9'<<'7!?.)@!2;'8!;/'=1<.2!)2!4.;1:8.4!1*!O1(6/.!U+!:/.)8.4!?>!/);14!?.)@!

2;'8!/'8)81'*$!T.!.^;.:8!89.!2)@.!@6<81F%Vc!AO!@'46<)81'*!'=!1'*!?.)@2!)2!;/';'2.4!?>!K9)/0'E!\3"]!='/!4/1E1*(!

:><1*4/1:)<!9.)E>!1'*!8)/(.82!7189!)!9'<<'7+!/'8)81*(!?.)@!2;'8!:)*!)<2'!?.!);;<1.4!8'!;/'E14.!)!9'<<'7!?.)@!='/!

9.)E>!1'*!41/.:8!4/1E.!'=!2;9./1:)<!)?<)8'/2!7189!@'28<>!'?<1H6.!1*:14.*8!1'*!/)>2$!J!2./1.2!'=!;9)2.4!AO!:)E181.2!

7'6<4!?.!62.4!8'!1@;/.22!)!9.<1:)<!?.)@!:.*8/'14!E)/1)81'*!6;28/.)@!'=!89.!8)/(.8!?.='/.!?.)@!4/1=8!:'@;/.221'*!)*4!

=':621*(h!8912!;./86/?)81'*!@);2!1*8'!9'<<'7!?.)@!2;'82!'*!89.!8)/(.8!7189!/)411!:'*8/'<<.4!?>!89.!AO!)@;<1864.$!!

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!!!!

!
!
!

!

!

!

!

!

!
;9<:!N:!N'@;)/12'*!'=!'?<1H6.!)2!';;'2.4!8'!/)41)<!1'*!?.)@!4.;'2181'*!621*(!/'8)8.4!?.)@!2;'82!'*8'!41/.:8!4/1E.!

8)/(.8!)?<)8'/2!C;/';'2.4D$!C)D!6*!;./86/?.4!)?<)8'/h!C?D!;./86/?.4!)?<)8'/+!C:D!;/'Z.:81'*!'=!9'<<'7!?.)@!2;'82!'*8'!)!

2;9./1:)<!)?<)8'/+!='/!2@''891*(!)*4!!@181()81'*!'=!AB!1*28)?1<18>h!C4D!2:9.@)81:!'=!)!2./1.2!'=!;9)2.4!A$!AO!:)E181.2!89)8!

:)*!;/'46:.!)*4!:'*8/'<!9'<<'7!?.)@2!C)=8./!K9)/0'E!\3"]D$ 

$ $$



! "3

B9.!AO!)@;<1864.!:)*!?.!/.46:.4!1*!81@.!C)@;<1864.!4.:/.)21*(!46/1*(!89.!?.)@!;6<2.D!26:9!89)8!89.!/)4162!'=!89.!

9'<<'7!?.)@!;/'Z.:8.4!'*8'!89.!8)/(.8!)?<)8'/!26/=):.!7'6<4!29/1*0!46/1*(!89.!1@;<'21'*!Cc''@1*(D$!A'8)81*(!?.)@2!

@)>!;/'E14.!2@''89./!?.)@!4.;'2181'*!6*1='/@18>!7189!=.7./!?.)@2$!5*!)44181'*+!K$!q)7)8)!9)2!26((.28.4!89)8!89.!

;6<2)81*(!*)86/.!'=!89.!?.)@!.*./(>!4.;'2181'*!7189!)!/'8)81*(!?.)@!2;'8!@)>!;/'46:.!)!8>;.!'=!4>*)@1:!

28)?1<1c)81'*!\33]$!!!

O1*)<<>+!7.!;'1*8!'68!89)8!4.8./@1*)81'*!'=!89.!*6@?./!'=!?.)@2!7189!!81@.F4.;.*4.*8!?.)@!.*./(>!)*4!

1//)41)81'*!(.'@.8/1.2!89)8!:)*!;/'E14.!26==1:1.*8!6*1='/@18>!)*4!28)?1<18>!='/!1'*!41/.:8!4/1E.!621*(!3F[!:)<:6<)81'*2!

)/.!;/.F/.H61218.!8'!4.21(*1*(!:'@;)81?<.!8)/(.8!:9)@?./2P=1*)<!=':62!@)(*.82+!)*4!)*>!*.7!8)/(.8!=)?/1:)81'*!)*4!

1*Z.:81'*!@.89'42!8'!?.!4.E.<';.4$!

!
8&D/.T2%(6%1%/'5]!B912!7'/0!9)2!?.*.=18.4!=/'@!@)*>!9.<;=6<!412:6221'*2!7189!A'(./!#)*(./8./+![)E14!#)1<.>+!

J<.^!O/1.4@)*+!Y)^!B)?)0+!#'/12!K9)/0'E+!)*4!K91(.'!q)7)8)$!!B912!7'/0!7)2!;./='/@.4!6*4./!89.!)62;1:.2!'=!

89.!lK![.;)/8@.*8!'=!G*./(>!?>!&)7/.*:.!&1E./@'/.!L)81'*)<!&)?'/)8'/>!6*4./!:'*8/):8![GFJNU3FX_LJ3_dWW!

)*4!89.!l*1E./218>!'=!N)<1='/*1)+!&)7/.*:.!#./0.<.>!L)81'*)<!&)?'/)8'/>!6*4./!:'*8/):8![GFJNX3FXUNV""3d$!

J%3%$%/&%5!

\"]!,$!L6:0'<<2+!&$!T''4+!J$!B91.22.*+!)*4!%$!b1@@./@)*+!L)86/.!EQZ+!"de!C"e_3D!

\3]!,$![$!&1*4<+!Inertial Confinement Fusion: the Quest for Ignition and Energy Gain Using Indirect Drive!CJ5-!

-/.22+!L.7!t'/0+!"eeRD$!

\d]!%$!J<<29'62.!)*4![$!N)<<)9)*+!L6:$!O621'*!QZ[!L'$!_!"eee!
\W]![$!N)<<)9)*!)*4!Y$!B)?)0+!-9>2$!'=!-<)2@)2!X+!L'$!U+!Y)>!3XXX!

\U]!L$!Y.8c<./!)*4!,$!Y.>./FB./Fj.9*!&)2./!-)/8!#.)@2!E+!;)/8!"+!;3_FWe!C"eRWD$!

\Q]!q$!J$!&'*(!)*4!L$!J$!B)91/+!-9>2$!A.E$!J!!QN+!L'$!Q+!Y)/:9!"eR_!

\_]!B$!K'@.>)+!q$!Y1>)c)7)+!B$!q106:91+!)*4!K$!q)7)8)+!&)2./!-)/8$!#.)@!EV+!dUe!C3XXQD!

\R]!K$!J8c.*1!)*4!,$!Y.>./FB./Fj.9*+!The Physics of Inertial Fusion+!CN<)/.*4'*!-/.22+!I^='/4+!3XXWD!;$3dd!

\e]!A$!I$!#)*(./8./!)*4![$!,$!Y..0./!`N9)/(.4!-)/81:<.!O621'*!B)/(.82a+!1*!;/':..41*(2!'=!89.!3*4!5*8./*)81'*)<!

B';1:)<!N'*=./.*:.!'*!V1(9!-'7./!G<.:8/'*!)*4!5'*!#.)@!A.2.)/:9+!589):)+!L.7!t'/0+!I:8'?./!dFU+!"e__!

&)7/.*:.!&1E./@'/.!L)81'*)<!&)?'/)8'/>!/.;'/8!lNA&F_eR_U!L'E$!e+!"e__$!JE)1<)?<.!89/'6(9!LB5Kg!LB5KF

lNA&_eR_U$!



! "d

\"X]!%$!#$!b1@@./@)*+!T$!&$!q/6./!T$&+!Comments on!Plasma Phys. Controlled Fusion E!U"!C"e_UD$!Y'28!/.:.*8!

6;4)8.2!7./.!;/'E14.4!?>!B$!q)12./+!%$!q./?.<+!)*4!Y$!-/)2)4+!;/1E)8.!:'@@6*1:)81'*+!C3XXUD$!

\""]!%$!A$!Y)(.<22.*+!L6:<.)/!O621'*!3W+!L'$"3+!;$!"U3_+!"eRW[$!!

\"3]!V)E)c.<.8+!Y$!K);1/+!)*4!B$!#)/FL'>+!,$!-9>2$![g!J;;<$!-9>2$+!=W+!;$!d"UFd"e!C"eRdD$!

\"d]!-$!q$!A'>+!K$!K$!t6+!G!V.*.28/'c)+!J!J*4./2+!O!Y!#1.*1'2.0+!,!N'<.@)*+!K!G><'*+!T!%!%/..*7)>+!Y!&.18*./+!

#!%!&'()*+!T!&!T)<4/'*+![!A!T.<:9+!N!B9'@)+!J!#!K.=0'7+!G!-!%1<2'*+!-!N!G=891@1'*+!)*4!A!N![)E142'*!!

Phys. Rev. Lett.!ZN[!3dWRX"C3XXUD!

\"W]!B$!q)12./$!%$!q./?.<+!)*4!Y$!-/)2)4+!6*;6?<129.4!&&L&!;/.2.*8)81'*!`5@;<.@.*81*(!5'*!#.)@2!1*!q6<<!)*4!

V>4/)!\"eee]h!2..!)<2'+!.$($+!K$!J8c.*1!)*4!,$!Y.>./FB./Fj.9*+!The Physics of Inertial Fusion+!CN<)/.*4'*!-/.22+!

I^='/4+!3XXWD!;$dRe$!!

\"U]!J$!A$!-1/1c+!-<)2$!-9>2$!)*4!N'*8$!O62$!EY+!L'!R+!;!""Q_!C"eRQD!

\"Q]!,$![$!&1*4<+!Phys Plasmas!==!dde!C3XXWD!

\"_]!Y$!B)?)0+!L6:<.)/!O621'*!dQ+!L'!3!C"eeQD!

\"R]!K$!J8c.*1!)*4!N$!N1)@;1+!L6:<.)/!O621'*!d_+!"QQU!C"ee_D!

\"e]!A$!K):02+!A$!J/*'<4+!)*4!%$!Y)(.<22.*+!L6:$!O621'*!EE!"W3"!C"eR3D!

\3X]!K$!q)7)8)!)*4!q$!L16!,$!-9>2$!K':$!,);)*!NQ+!dW"Q!C"eRWD!

\3"]!#$!K9)/0'E+!1*!;/':..41*(2!'=!89.!!5*./81)<!O621'*!K:1.*:.!)*4!J;;<1:)81'*2!N'*=./.*:.+!q'?.+!,);)*!3XX_!

;<.*)/>!;);./!`V.)E>!5'*!O621'*![/1E./2a+!8'!?.!;6?<129.4!1*!,'6/*)<!'=!-9>21:2g!N'*=./.*:.!K./1.2!

\33]!K$!q)7)8)!9)2!26((.28.4!89)8!*'*F6*1='/@!)*4!81@.!E)/>1*(!)::.<./)81'*2!26:9!)2!1*46:.4!?>!?.)@!2;'8!

/'8)81'*!)*4!@6<81F;6<21*(!1*!81@.!@)>!/.46:.!89.!AB!(/'789!/)8.2F2..!<1*.)/!AB!(/'789!)*)<>212!1*!q)7)8)+!.8!)<+!

&)2./!)*4!-)/8$!#.)@2!==+!L'$W!C"eedD$!


	TitlePage1527.pdf
	HIFAN 1527o

